Wood extractives, commonly referred to as pitch, cause major problems in the manufacturing of pulp and paper. Treatment of nonsterile southern yellow pine chips for 14 days with Pseudomonas fluorescens, Pseudomonas sp., Xanthomonas campestris, and Serratia marcescens reduced wood extractives by as much as 40%. Control treatments receiving only water lost 11% of extractives due to the growth of naturally occurring microorganisms. Control treatments were visually discolored after the 14-day incubation, whereas bacteriumtreated wood chips were free of dark staining. Investigations using P. fluorescens NRRL B21432 showed that all individual resin and fatty acid components of the pine wood extractives were substantially reduced. Micromorphological observations showed that bacteria were able to colonize resin canals, ray parenchyma cells, and tracheids. Tracheid pit membranes within bordered pit chambers were degraded after treatment with P. fluorescens NRRL B21432. P. fluorescens and the other bacteria tested appear to have the potential for biological processing to substantially reduce wood extractives in pine wood chips prior to the paper making process so that problems associated with pitch in pulp mills can be controlled.
Extractives in wood are often referred to as pitch, and these substances can consist of resin and fatty acids and other materials that are soluble in neutral, nonpolar organic solvents (17) . Wood extractives can be a problem in pulp and paper production, especially mechanical pulping processes, where pitch deposits on paper-making machines result in reduced paper quality (1) . Effluents discharged from pulp and paper mills with high concentrations of resin acids, a component of pitch, also may pose serious environmental concerns because of toxicity to fish and other organisms (15) .
There are several methods currently used by the pulp and paper industries to reduce the amount of extractives during pulping. They include the application of additives (such as alum, talc, dispersants, and lipase enzymes) to pulp, seasoning of logs or chips, and the use of pitch-degrading fungi that may be applied as a biological treatment to wood before pulping (3, 7, 14) . Sapwood-staining fungi, which are responsible for reducing extractives in logs and wood chips when they are seasoned, are considered to be detrimental since they discolor wood, reduce pulp brightness, and lower paper quality. Colorless or albino strains of sapwood-staining fungi have been used with success to treat wood before pulping to reduce pitch and the problems associated with it during the paper-making process (5, 7, 13) .
In addition to fungi, some bacteria isolated from paper mill effluents have been shown to degrade resin acids (16, 26) . The use of bacteria to lower the extractive content of wood before pulping could reduce pitch-related problems during paper making and lower the resin acid concentrations in effluents. Success using bacteria as a pretreatment before pulping to reduce wood extractives would provide new organisms for use in biological processing by the pulp and paper industries.
Limited information is available on the bacteria that colonize wood chips in pulp mills and their mode of action when they grow in wood. This study was done to determine if bacteria isolated from wood can be used as a treatment on wood chips to reduce wood extractives before pulping and to elucidate how bacteria colonize wood cells during the depitching process.
MATERIALS AND METHODS
Bacterial isolation. Bacterial isolates were obtained for the initial screening from pine chips (50% Pinus taeda L., 50% Pinus virginiana Mill.) collected from a paper mill in Ashland, Va., and from Abies sp. chips collected from a paper mill in Washington State. Bacterial isolates were obtained by plating wood segments on Difco-Bacto nutrient medium. Colonies were streaked onto nutrient medium and pure cultures were obtained. Bacterial isolates were grown on Sierra medium (15 g of agar, 10 g of peptone, 5 g of NaCl, 0.1 g of CaCl 2 ⅐ H 2 O, 10 ml of Tween 80, and 990 ml of distilled deionized water) to screen for lipase activity (2) . Five bacterial isolates were selected that exhibited lipase activity. The bacterial isolates were identified by the American Type Culture Collection (Rockville, Md.) and deposited with the Northern Regional Research Laboratory (NRRL) (Peoria, Ill.) as Pseudomonas fluorescens NRRL B21432, Xanthomonas campestris NRRL B21430, and Serratia marcescens NRRL B21429. Two additional isolates not deposited with the NRRL were identified as Pseudomonas sp. strains UM-18 and UM-74. Both of these bacteria are rod shaped, oxidase positive, gram negative, and motile and did not grow at 42°C. Colonies of UM-18 and UM-74 grown on Bacto-Pseudomonas medium F were fluorescent and colonies grown on Bacto-Pseudomonas medium P using UV light were nonfluorescent.
Treatment of chips. Fresh pine chips (50% Pinus taeda L., 50% Pinus virginiana Mill.) obtained from a paper mill in Ashland, Va., were frozen at Ϫ18°C until use. Bacteria used for treatment were grown in Difco-Bacto nutrient broth and incubated at 24°C on an orbital shaker at 30 rpm for 58 h. After 58 h bacteria and nutrient broth were added to sterile centrifuge tubes (Nalgene high-speed polypropylene tubes; 30 by 103 mm, 50-ml capacity) and centrifuged at 6,000 rpm for 5 min. Nutrient broth was then decanted and sterile deionized water was added to bring the total amount of water and cells to 100 ml. Each of four polyethylene bags received 500 g (wet weight) of nonsterile chips with 100 ml of sterile deionized water containing P. fluorescens NRRL B21432 (1.5 ϫ 10 10 cells/ml), X. campestris NRRL B21430 (1.6 ϫ 10 10 cells/ml), S. marcescens NRRL B21429 (3.3 ϫ 10 10 cells/ml), Pseudomonas sp. strain UM-18 (6.6 ϫ 10 9 cells/ml), or Pseudomonas sp. strain UM-74 (1.4 ϫ 10 10 cells/ml). Cell densities were determined by viable cell counts. Also, 100 ml of sterile deionized water with no bacteria was added to each of four bags containing 500 g (wet weight) of nonsterile chips to serve as controls with natural growth of background microorganisms. Immediately after treatment, a sample of chips was removed and moisture content was determined.
P. fluorescens NRRL B21432 was further studied to determine the specific resin and fatty acids removed from the wood. A single loblolly pine tree (Pinus taeda L.) was cut from the Solan Dixon Education Center in Andalusia, Ala., chipped, and frozen at Ϫ18°C until use. Wood chips were added to polyethylene bags as previously described. Two replicates of 500 g (wet weight) of nonsterile chips were treated with 100 ml of sterile, deionized water containing P. fluorescens NRRL B21432 (3.0 ϫ 10 9 cells/ml). One hundred milliliters of sterile deionized water with no bacteria was added to each of two polyethylene bags containing 500 g (wet weight) of nonsterile chips to serve as controls.
Wood extractive assay. After 14 days of incubation, wood chips were air dried and ground in a Wiley mill to pass through a 40-mesh sieve. Wood extractives were determined from 2-g samples of treated and nontreated wood from each polyethylene bag by extraction with dichloromethane according to standard procedure T 204 om-88 of the Technical Association for the Pulp and Paper Industry, Atlanta, Ga. The amounts of resin and fatty acids present after treatment were determined using standard methods 242D01 and 081D07 (Econotech Services Ltd., Delta, British Columbia, Canada). Dichloromethane extracts from P. fluorescens-treated wood were saponified in ethanolic KOH, adjusted to pH 3, and extracted with diethyl ether. The extracts were concentrated and methylated. To determine the "free" and "total" resin and fatty acids the extract was divided and a portion was analyzed without saponification to give the free resin and fatty acids. To quantify resin and fatty acids, aqueous samples were first acidified to convert resin acid salts to free acids, which were then extracted with diethyl ether. The extracts were concentrated and the free acids were methylated, redissolved in methyl tert-butyl ether, and analyzed by gas chromatography using a capillary column and a flame ionization detector. Nonadecanoic acid was added as a surrogate standard prior to extraction, and margaric acid was added as an internal standard prior to injection. When determining the individual resin acids using gas chromatography, palustric acid coeluted with levopimaric acid and the two were reported in this study as combined levopimaric-palustric acid.
Microscopy. Treated and nontreated wood chips were collected 7 and 14 days after treatment and fixed in 2% glutaraldehyde (50% biological grade) solution and 0.2 M sodium cacodylate buffer (pH 7.0) for 2 h, rinsed with a 0.1 M sodium calcodylate buffer (pH 7.0) three times for 15 min each, and placed in a solution of 1% osmium tetroxide in 0.2 M sodium cacodylate buffer (pH 7.0) for 90 min. The samples were processed and examined as previously described (27) .
RESULTS AND DISCUSSION
Significant differences were observed in extractives from wood chips treated with bacteria compared to control wood used for the experiment (Table 1) . P. fluorescens NRRL B21432 and Pseudomonas sp. strain UM-74 significantly reduced the amount of extractives by 40 and 34%, respectively, compared to the fresh chips (Table 1) . Other bacteria in this study, including Pseudomonas sp. strain UM-18 and X. campestris NRRL B21430, reduced extractives by 27%, and S. marcescens NRRL B21429 reduced extractives by 22% compared to the extractives in fresh wood chips. Control treatments receiving water and aged for 14 days had an 11% reduction in extractives, compared to the fresh wood chips. This reduction can be attributed to oxidation processes and the growth of naturally occurring microorganisms present on the nonsterile wood during the 14-day incubation period (7) .
Bacteria such as P. fluorescens, X. campestris, and S. marcescens are ubiquitous in nature and have the ability to break down triglycerides, but this is the first report of these bacteria reducing pitch in nonsterile pine chips. To better understand which individual resin and fatty acid fraction of pitch were being degraded, an additional study was done with P. fluorescens NRRL B21432. This isolate was selected because it showed the greatest ability to reduce the overall pitch content (Table 1) . In this experiment, total extractives were reduced by 28% and total resin acids were reduced by 25% after nonsterile loblolly pine chips were treated with P. fluorescens NRRL B21432 and compared to the fresh, control wood chips (Table  2 ). Treating chips with P. fluorescens NRRL B21432 substantially reduced all individual resin acids, compared to the initial amount found in the fresh chips and in chips treated with water (Table 2) . Wood chips treated with water and incubated for 14 days showed a slight reduction in individual resin acids. Wood treated with P. fluorescens had greater losses of all individual resin acids than the aged and water control wood chips. The water-treated chips were also severely discolored and isolations from these chips showed that blue-staining Ophiostoma sp. was present. Isolations for bacteria indicated that the bacteria present were not Pseudomonas species (data not shown). Wood chips treated with P. fluorescens NRRL B21432 were visually free of discoloration, but substantial reductions in resin acids were determined. These results demonstrate the capacity of the bacterial treatments to inhibit detrimental blue-stain fungi and degrade greater concentrations of resin acids than the natural microflora that grows on nonsterile wood.
Triglycerides and fatty acids are another component of pitch found in high concentrations within the problematic deposits in pulp mills (8) . In our study, the total fatty acid content of extractives was reduced by 36% after nonsterile wood chips were treated with P. fluorescens NRRL B21432, compared to fresh wood chips (Table 2 ). This reduction in total fatty acids is similar to the results obtained when wood chips are treated with an albino strain of Ophiostoma, and the reduction appears to be sufficient to be of benefit during mechanical paper-making processes (8, 13) . Treating wood chips with P. fluorescens a Total extractives for fresh chips, control with only water added, and wood chips inoculated with P. fluorescens NRRL B21432 were 2.49% Ϯ 0.64%, 2.07% Ϯ 0.05%, and 1.79% Ϯ 0.09%, respectively.
b Mean Ϯ standard deviation from two replicates. c Represents the amount of total resin and fatty acids at the beginning of the experiment. NRRL B21432 substantially reduced all individual fatty acids, compared to the initial amount found in fresh wood chips or wood chips treated with water (Table 2) . Water-treated chips also showed a slight reduction in most individual fatty acids compared to the initial amount found in the fresh chips. This reduction in both resin and fatty acids may be attributed to the growth of blue-stain fungi on the nonsterile wood during the 14 days of incubation. Blue-stain fungi, if allowed to grow in wood, have been shown to decrease the resin and fatty acid content of extractives in wood (7, 8, 9, 10) . Although nonsterile chips treated with water had reduced levels of fatty acids in our study, greater reductions were observed in all fatty acid components without any visual discoloration to the wood chips after treatment with P. fluorescens NRRL B21432.
Micromorphological observations of wood treated with bacteria revealed bacteria present inside resin canals, tracheids, and ray parenchyma cells (Fig. 1 ). Bacteria were most often observed in areas where resin had accumulated on the wood surfaces and within resin canals (Fig. 1A and B) . Bacteria also were concentrated on bordered pit membranes within tracheids. Since bacteria were observed in the innermost areas of wood chips, they apparently are able to migrate through the wood cells via the simple and bordered pits. Bordered pit membranes in pine tracheids are made of a nonlignified pectin and a cellulose-rich region in the center of the pit called a torus, which is supported by a surrounding margo that contains microfibrils of cellulose (11, 21) . Minute pores less than 0.2 m in diameter occur in the margo, and these pores restrict microbial movement from cell to cell (11, 18, 21) . When wood is cut and air enters the cells, the pit membranes become aspirated and the membrane closes the pit aperture. Permeability of water or other materials through the pit chamber is impeded. For bacteria to be able to migrate into the cells within wood they must first degrade pit membranes or enter through previously degraded or damaged cells. It is known that Pseudomonas species produce a wide array of enzymes that could degrade some of the components in pit membranes (11, 20) . In this study, bacteria were observed on degraded margo areas of pit membranes at both 7 and 14 days after treatment with P. fluorescens NRRL B21432. It appears that P. fluorescens NRRL B21432 was able to degrade parts of the margo and pass through the pit chamber, but no evidence of torus degradation was observed ( Fig. 1E and F) . Observations of pit membrane degradation in conifers have been reported previously for water-logged woods after long-term storage (4, 12, 22) . In these investigations the torus often remained intact even after extensive degradation of the margo had taken place (12, 22) . A unique aspect of our results is documentation that pit membrane degradation occurs in inoculated wood chips within a 14-day period. A bacterial suspension applied to freshly cut wood chips appears to be sufficient for the bacteria to become established in the wood, migrate to bordered pit chambers, and degrade pit membranes. No evidence of erosion, tunneling, or cavitation attack on the cell walls, as has been described for wood-degrading bacteria (6, 19, 23) , was observed in the treated wood chips. This paper is the first report of the use of wood-colonizing bacteria to degrade extractives, including a wide range of resin and fatty acids, in wood. The bacteria are of special interest because when applied to nonsterile wood they not only remove pitch but also inhibit colonization by naturally occurring fungi that cause detrimental discoloration and degradation of the wood. The preference of bacteria for wood with a moderate to high moisture content and their fast growth and ease of application make them ideally suited for biological processing of a wide variety of woods and in different environments. The effective reduction of resin acids in wood chips treated with bacteria such as P. fluorescens NRRL B21432 could also have an effect on reducing toxic levels of these compounds in pulping effluents. The resin and fatty acid reduction caused by pretreating chips prior to pulping also will reduce the chlorinated resin and fatty acids generated during bleaching of pulp. These chlorinated derivatives are known to be more difficult to degrade in wastewaters (16, 24, 25) . The degradation of pit membranes and extractive-filled cells by bacteria is an important aspect that could also have significant benefits in chemical pulping processes. The removal of pit membranes and resin could facilitate the penetration of pulping chemicals into wood, resulting in less chemical use, shorter cooking times, and more efficient and uniform delignification during the pulping process.
